Background: The objective of this study was to investigate the role of bone morphogenetic protein (BMP) signal transduction in the pathogenesis of calciphylaxis. Methods: Skin biopsy specimens were obtained from 18 patients with, and 12 patients without, calciphylaxis. Tissue sections were stained with antibodies directed against BMP effector proteins phosphorylated-SMAD (p-SMAD) 1/5/9, inhibitor of DNA 1 (Id1), inhibitor of DNA 3 (Id3), and Runx2. The intensity of staining was scored semi-quantitatively as strong versus weak or absent. Results: Of the 18 patients with calciphylaxis (mean age: 59 ± 8 years), 9 were women and 15 had end-stage renal disease. Of the 12 control patients (mean age: 57 ± 10 years), 8 were women and 8 had end-stage renal disease. Strong staining for p-SMAD 1/5/9 was detected in blood vessels from all calciphylaxis patients. In 1 patient with calciphylaxis, strong staining for p-SMAD 1/5/9 was detected in a blood vessel that did not have evidence of calcification. Id1 and Id3 immunoreactivity was detected in blood vessels from all 12 patients with calciphylaxis that were tested. Runx2 staining was detected in all 6 patients with calciphylaxis who were tested. p-SMAD 1/5/9 immunoreactivity was weak or absent in blood vessels of 10 of the 12 control samples. Conclusions: The BMP signal transduction pathway is activated in the cutaneous vasculature of calciphylaxis patients. The ability to detect p-SMAD 1/5/9, Id1, and Id3 in cutaneous vasculature may assist in the diagnosis of calciphy-S.U.N., P.J., and F.W. contributed equally to this article.
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Introduction
Calciphylaxis is a life-threatening cutaneous and subcutaneous vasculopathy characterized by calcification of small-to medium-sized arterial vessels of the dermis with intimal hyperplasia leading to vessel occlusion and skin necrosis [1, 2] . Patients with calciphylaxis develop painful skin lesions (nodules, livedo reticularis, or plaques) that ulcerate and often become infected. Calciphylaxis usually affects patients with advanced kidney disease. Other risk factors that predispose to calciphylaxis include female gender, white race, obesity, diabetes mellitus, abnormalities in mineral bone metabolism, and warfarin use [3] [4] [5] [6] [7] . The pathogenesis of calciphylaxis is poorly understood and no treatment has been proven to be effective [8, 9] . The prognosis for calciphylaxis is poor, with 1-year mortality estimated at 60% [10, 11] .
Bone morphogenetic protein (BMP) signaling is an important mediator of calcification of large and mid-sized arteries in atherosclerosis [12] [13] [14] [15] . BMPs are members of the transforming growth factor superfamily and act by binding to heteromeric complexes of BMP type I and type II serine-threonine kinase cell surface receptors [16, 17] . BMP ligand-binding induces BMP type II receptors to phosphorylate BMP type I receptors, which in turn phosphorylate the cytosolic BMP effector proteins, SMADs 1, 5, and 9 (SMAD 9 was previously designated SMAD 8). Phosphorylated SMAD 1, 5, or 9 translocates to the nucleus together with SMAD 4 where the heterodimer activates specific target genes, including the inhibitor of DNA (Id) binding genes 1 and 3. BMP signaling also increases the level of Runx2, an osteogenic transcription factor [18] . Increased levels of phosphorylated-SMAD (p-SMAD) 1/5/9, Id1, Id3, and Runx2 serve as markers of activation of the BMP signal transduction pathway. Extracellular antagonists of BMP ligands such as noggin, chordin, matrix Gla protein (MGP), and follistatin can sequester BMP ligands, inhibit BMP signaling, and reduce downstream activation p-SMAD 1/5/9, Id1, and Id3 [19] .
We hypothesized that BMP signaling is a stimulus for vascular calcification in patients with calciphylaxis. In previous studies, Kramann et al. [20] and Tian et al. [21] detected upregulation of BMP-2, a BMP receptor ligand, in patients with calciphylaxis. Griethe et al. [22] detected increased levels of BMP-4 in cutaneous arterioles of a patient with calciphylaxis. Although, the levels of BMP agonists in calciphylaxis may be increased, the expression of MGP, one of the endogenous inhibitors of BMP signaling, is also altered in calciphylaxis patients [20, 21] . Therefore, the net effects of increased BMP levels on the BMP signal transduction pathway need to be determined. We designed the present study to investigate the role of BMP signal transduction in the pathogenesis of calciphylaxis.
Methods
This study was approved by the Partners Institutional Review Board (Protocol ID: 2009P001680) and was conducted according to the principles expressed in the Declaration of Helsinki. Skin specimens were obtained during surgical procedures (including skin biopsy, debridement, and amputation) conducted for diagnostic or therapeutic indications. Clinical data were obtained by chart review.
The diagnosis of calciphylaxis was based on the presence of painful skin lesions and subcutaneous and/or dermal vascular calcification in a skin biopsy specimen. To identify potential cases of calciphylaxis, we applied an algorithm that included a billing code for "other disorders of calcium metabolism" and a skin biopsy procedure billing code. This algorithm was applied to our institute's research database. The medical records of patients identified with this algorithm were reviewed, and patients with painful skin lesions were selected. Archived skin pathology specimens from these patients were reviewed by a dermatopathologist who evaluated hematoxylin and eosin, and von Kossa stained sections on the available specimens. The controls were randomly selected from both end-stage renal disease (ESRD) and non-ESRD patients for whom archived skin specimens were available but the criteria for calciphylaxis used in this study (painful skin lesions and subcutaneous and/or dermal vascular calcification) were not met.
To detect vascular calcification, formalin-fixed, paraffin-embedded skin tissue sections were treated according to the von Kossa staining method. The von Kossa method uses a precipitation reaction in which silver ions react with phosphate contained within calcium hydroxyapatite [23] . Sections measuring 5 µ were deparaffinized and placed in 5% silver nitrate solution (Fisher Scientific, Fair Lawn, NJ, USA). The slides were exposed to light (100 W) for 1 h, rinsed, placed in 5% sodium thiosulfate (American MasterTech, Lodi, CA, USA), and counterstained with nuclear fast red (American MasterTech, Lodi, CA, USA).
Staining of formalin-fixed, paraffin-embedded slides for p-SMAD 1/5/9, Id1, Id3, and Runx2 required an antigen retrieval step, which consisted of boiling the slides in sodium citrate buffer (pH = 6.0, 10 mM) for 10 min. Tissue sections were incubated with primary antibodies and subsequently with biotinylated secondary antibody using the HistoMouse-SP kit (Invitrogen, Carlsbad, CA, USA). The presence of immune complexes was detected using the AEC (3-amino-9-ethylcarbazole) substrate-chromogen mixture, as directed by the manufacturer. Slides were counterstained with hematoxylin. Staining without a primary antibody served as a negative control. The following primary antibodies were used for immunohistochemistry: rabbit monoclonal anti-p-SMAD antibody (Maine Medical Center Research Institute), which reacts with p-SMADs 1, 5, and 9; rabbit monoclonal anti-Id-1 antibody (BioCheck Inc., Foster City, CA, USA), rabbit polyclonal anti-Id3 antiserum (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rat monoclonal anti-Runx2 antibody (Novus Biologicals, Littleton, CO, USA), and mouse monoclonal anti-α-smooth muscle actin antibody (Sigma-Aldrich, St. Louis, MO, USA). All primary antibodies were diluted 1: 500 in phosphate buffered saline prior to use. The intensity of staining was scored semi-quantitatively as strong versus weak or absent.
Results
Clinical data regarding study patients are presented in Table 1 . Of the 18 patients with calciphylaxis (mean age: 59 ± 8 years), 9 were women, 10 were using warfarin, and 15 had end-stage renal disease. Of the 12 control patients (mean age: 57 ± 10 years), 8 were women, 3 were treated with warfarin, and 8 had end-stage renal disease.
Using von Kossa stain, calcification was detected in the medial layer of arterioles in the skin tissue specimens from all patients with calciphylaxis. Strong p-SMAD 1/5/9 staining was detected in arterioles in all 18 calciphylaxis patients, including those with (Fig. 1a-d) , and without (Fig. 2a-d) , end-stage renal disease. In 1 specimen from a patient with calciphylaxis, strong p-SMAD 1/5/9 was detected in an arteriole, even though von Kossa staining of the same arteriole (in an adjacent section) failed to detect calcification (Fig. 2e-h ). In patients with calciphylaxis, strong p-SMAD 1/5/9 staining was detected in blood vessels of various sizes ranging from the relatively large subcutaneous arterioles to the cells lining smaller arterioles passing through adipose tissue (Fig. 3a-d) . To determine the cell types in blood vessels that contained increased levels of p-SMAD 1/5/9, adjacent sections were stained with anti-p-SMAD 1/5/9 or anti-smooth muscle actin (SMA) antibody (Fig. 3e-h ). Anti-SMA antibodypositive, smooth muscle cells in the medial layer of blood vessels stained positively for p-SMAD 1/5/9. Anti-SMA antibody-negative cells in the hyperplastic intimal layer of the blood vessels also stained positively for p-SMAD 1/5/9. The results show that both medial layer smooth muscle cells and intimal layer SMA-negative cells have evidence of increased BMP signal transduction. In sections from the 12 calciphylaxis patients who were tested for Id1 and Id3, a distribution of staining similar to that of p-SMAD 1/5/9 (Fig. 4a, b) was noted for both Id1 (not shown) and Id3 (Fig. 4c, d) . As with p-SMAD 1/5/9, strong Id1 and Id3 expression was observed in an arteriole, even though von Kossa staining of the same arteriole (in an adjacent section) failed to detect calcification (not shown). To determine whether transcription factors that are further downstream in the BMP signal transduction pathway were increased in the dermal vasculature of calciphylaxis patients, sections were stained for the presence of Runx2. Increased Runx2 staining was detected in all 6 calciphylaxis patients who were tested for Runx2 (Fig. 4g, h ). p-SMAD 1/5/9 immunoreactivity was weak or absent in the arterioles of 10 of 12 controls (Fig. 1e, f) . Staining for Id1 (not shown) and Id3 (online suppl. Figure 1a, b; for all online suppl. material, see www.karger.com/ doi/10.1159/000484418) was negative in the 6 samples that were tested. Dermal blood vessels in sections from 2 control patients had strong vascular staining for both p-SMAD 1/5/9 and Runx2. Runx2 immunoreactivity was weak or absent in sections from the remaining 6 control patients who were tested (online suppl. Fig. 1c, d ). Vascular calcification was not detected in the skin tissue specimens from 11 of 12 controls. One of the ESRD control patients had evidence of Monckeberg's medial calcinosis; however, p-SMAD 1/5/9 and Runx2 immunoreactivity was not detected in the skin tissue specimen from this control patient. Consistent with previous reports, p-SMAD 1/5/9 expression was detected in some normal components of the skin, including the glandular epithelium, hair follicles, and squamous epithelium (not shown) [24] .
Discussion
The results of this study show that patients with calciphylaxis have evidence of activation of the BMP signal transduction pathway in cutaneous and subcutaneous blood vessels and in the adjacent tissue. Increased levels of p-SMAD 1/5/9, Id1, Id3, and Runx2 were detected in tissue sections from patients with calciphylaxis who have end-stage renal failure and those with normal renal function, suggesting a similar disease pathogenesis.
Calciphylaxis involves calcification of the medial layer of small and medium-sized blood vessels. This distribution of calcification is similar to that seen in the MGPdeficient mouse model of vascular calcification [25] . In this model, inhibition of BMP signal transduction, using the small molecule inhibitor LDN-193189, decreased the extent of vascular calcification, suggesting that BMP signaling has an important role in disease pathogenesis [13, 15] .
MGP is a potent endogenous inhibitor of vascular calcification and is thought to inhibit BMP signaling by binding and sequestering BMP ligands [26, 27] . In a recent study, we showed that the relative plasma level of active to total (active and inactive) MGP is reduced in dialysis patients with calciphylaxis compared to dialysis patients who do not have calciphylaxis [28] . Possibly, the increase in cutaneous BMP signaling (as evidenced by increased levels of p-SMAD 1/5/9, Id1, Id3, and Runx2) observed in calciphylaxis patients in the present study can be attributed to the decreased relative level of active MGP.
In 1 patient with calciphylaxis, we detected strong p-SMAD 1/5/9 staining in a vessel that did not have detectable calcification. This finding has potential clinical implications: the ability to detect evidence of increased BMP signaling in blood vessels with negative von Kossa staining may aid in the early diagnosis of calciphylaxis and may allow some patients to avoid repeat and deeper skin biopsies. This is particularly relevant because skin biopsies have been shown to induce or exacerbate skin ulcerations in calciphylaxis patients [10, 29] .
Increased p-SMAD 1/5/9 and Runx2 levels were detected in sections from 2 of the control patients in this study. On further review of the medical records of these patients, both had end-stage renal disease, and calciphylaxis was considered in the differential diagnosis but was ultimately excluded due to the absence of subcutaneous or dermal vascular calcification. One patient left the hospital against medical advice and was lost to follow-up and the second died of multiple organ failure. We were therefore unable to confirm a diagnosis of calciphylaxis in these patients. There are at least 3 possible explanations for the presence of increased BMP signal transduction in 2 of the 12 control patients in this study. First, increased levels of p-SMAD 1/5/9 may be a more sensitive marker of calciphylaxis than vascular calcification. Consistent with this possibility, we observed strong p-SMAD 1/5/9 immunoreactivity in a tissue section from a calciphylaxis patient in which calcification on an adjacent section was not detected. Second, activation of BMP signaling may be a precursor to the development of calcification seen in patients with calciphylaxis. A third possibility is that other factors, including inflammation, may contribute to activation of the BMP signaling pathway. A larger study, with additional groups of control patients, will be needed to further investigate whether increased BMP signaling is a specific marker for the diagnosis of calciphylaxis. In conclusion, we provide evidence of increased cutaneous vascular BMP signal transduction in tissue sections from patients with calciphylaxis. The ability to detect the downstream products of BMP signaling may improve the sensitivity of skin biopsy for the diagnosis of calciphylaxis. In the future, as small molecule inhibitors of BMP signaling become available, inhibition of this pathway may serve as an effective approach to the treatment of patients with calciphylaxis.
